Experiments were performed on an x-pinch using a pulsed power current generator capable of producing an 80 kA current with a rise time of 50 ns. Molybdenum wires with and without gold coating were employed to study the effect of high z coating on the low-density (<5 × 10 18 cm −3 ) coronal plasma dynamics. A comparison of images from XUV frames and optical probing shows that the low density coronal plasma from the wires initially converges at the mid-plane immediately above and below the cross-point. A central jet is formed which moves with a velocity of 6 × 10 4 ms −1 towards both electrodes forming a z-pinch column before the current maximum. A marked change in the low density coronal plasma dynamics was observed when molybdenum wires coated with ∼0.09 µm of gold were used. The processes forming the jet structure were delayed relative to bare Mo x-pinches, and the time-resolved x-ray emission also showed differences. An m = 0 instability was observed in the coronal plasma along the x-pinch legs, which were consistent with x-ray PIN diode signals in which x-ray pulses were observed before x-ray spot formation. These early time x-ray pulses were not observed with pure molybdenum x-pinches. These observations indicate that a thin layer of gold coating significantly changes the coronal plasma behaviour. Two dimensional MHD simulations were performed and qualitatively agree with experimental observations of low density coronal plasma.
radiography [1] . The spot formation is of great interest due to its exotic properties: near solid density, temperature in the range of 0.5-1 keV and short duration (<100 ps) [2] . The dynamics of hot spot formation have been extensively studied experimentally at Cornell University with a variety of wire materials with 450 kA and 1 MA current generators [3] [4] [5] [6] [7] . In addition, experiments have also been performed on the 1 MA Zebra generator [8, 9] . The physics of hot spot formation is non linear and complex and therefore it is difficult to simulate every aspect of it. However, some features have been simulated using 2D [10, 11] and 3D [12, 13] MHD codes.
X-pinch dynamics have been studied using both x-ray backlighter [13, 14] and optical probing techniques [15, 16] . Typically, photon energies >1 keV are used in x-ray backlighting experiments which do not give good contrast for low density coronal plasma. Optical probing techniques can detect electron densities in the 10 18 -10 19 cm −3 range, but are limited due to the large density gradients and densities (exceeding the critical density) found in x-pinch plasmas. Due to these limitations, there has been relatively little experimental study of the low density coronal plasma and its effect on x-pinch dynamics.
Some studies of the behaviour of the coronal plasma formed in a 450 kA x-pinch have been carried out, and recently Mitchell et al [18] showed with optical and XUV framing images that the low density coronal plasma contributes to jet formation. The jets were formed due to sweeping of the coronal plasma to the mid plane of the x-pinch. Beg et al [19] made similar observations with a 160 kA generator. X-ray images were recorded with a framing camera transmitting x-rays above 1 keV. In these experiments, a significant change in the dynamics of the coronal plasma was observed when the angle of the x-pinch was narrowed from 80
• to 41
• . The change in behaviour of the pinch has been attributed to the stronger global magnetic field near the cross-point, which extends to the electrodes. The central plasma was also observed to be m = 1 unstable as soon as it made contact with the electrodes. These results clearly demonstrate that the coronal plasma plays a significant role in the x-pinch dynamics.
In addition to single component wires, a few studies have been carried out using wires coated or clad with different z materials. For wire arrays, work by Deeney et al [20] successfully demonstrated that kilovolt x-ray radiation efficiencies of an optically thick z-pinch plasma can be increased using magnesium coated Al wires. The hard x-ray spectrum from x-pinches has also been briefly studied for Cu clad Al wires by Safranova et al [21] . They reported a significant change in the x-ray spectrum using only 10% by weight Cu coating. The Cu L-shell emission becomes dominant over the Al K-shell despite the low fraction of Cu present.
In this paper, we investigate the effect a thin high z coating has on the dynamical development of x-pinch plasma structure and the associated soft x-ray output. We concentrate particularly on the formation and evolution of the low density coronal plasma (<10 18 cm −3 ) and its effect on the pinch dynamics, using a low current 80 kA generator. Molybdenum wires with and without gold coating were used in order to determine the effect of the coating on the x-pinch behaviour. A four frame XUV camera and a laser schlieren technique were used simultaneously to examine the plasma formation and XUV emission profile during the experiments, and correlated to the soft x-ray emission recorded on Si diodes.
Experimental setup
A conventional pulsed power generator was used to drive the x-pinch. It consists of a small (four capacitor 50 kV, 0.22 µF each) Marx bank, and a pulse-forming coaxial water dielectric line (impedance ∼1.5 ohms). The line is switched by a self-breaking SF 6 spark gap to an x-pinch load located in an evacuated chamber (<6 × 10 −4 mbar). A schematic of the compact current generator along with the current waveform is shown in figure 1 . The Marx bank is connected to the pulse forming line with a high voltage cable (UR74), which facilitates the use of the pulse forming line on any vacuum chamber for application purposes.
X-pinches consisting of two 13 µm diameter molybdenum wires were used. In some shots, gold coated molybdenum wires were used. The gold coating was 3-5% by weight, resulting in an average Au coating thickness of 0.09 µm. Two wires were placed between the electrodes in parallel, and then one electrode was rotated 180
• relative to the other to make contact at a central cross-point. The anode-cathode separation was 10 mm. A four frame XUV MCP pinhole camera was used to record the dynamics of the low density coronal plasma, and each frame had two sets of pinholes fitted to it. One set had 200 µm pinholes (magnification of 0.7) with 4 µm Mylar filters. This filter allowed visible light and XUV through. The second set consisted of 400 µm pinholes with 4 µm Mylar plus 2 µm aluminium filters. This filter allowed x-rays above 1 keV through. The transmission of the filters is shown in figure 2 . These filters provide simultaneous emission in two different energy ranges. The exposure time for each frame was ∼5 ns, while the inter-frame time was 9 ns. In this paper, three frames from each shot are presented. It should be noted that while the second set of pinholes transmit x-ray energies >1 keV, they only showed pinhole limited images as is apparent from the images presented below. A frequency doubled Nd-YAG laser with a pulse length of 3 ns was used for optical probing. A dark-field Schlieren technique was used to monitor the density gradients and images were recorded on a 16 bit CCD camera. The acceptance angle and the sensitivity of the system were 0.04 and 0.0014 radian, respectively. Maximum and minimum detectable densities were 4 × 10 21 cm −3 and 5.5 × 10 18 cm −3 , assuming a parabolic density profile [22] . The timings of the XUV framing and optical schlieren images shown in the figures are given with respect to the start of the current pulse.
A set of seven silicon PIN diodes was used to obtain time resolved information about the x-ray emission. The active area of the diodes was 1 mm 2 with an intrinsic layer having a thickness of 100 µm. After cross calibration, these diodes were fitted with Ross filter pairs (shown in figure 3 ) to give a coarse spectrum in the 1-10 keV range. Diode traces were recorded on a 500 Ms s −1 oscilloscope.
Results for molybdenum x-pinches
A series of XUV framing images is shown in figure 4 (a) for 13 µm molybdenum wires. These were obtained from two different shots (three frames from each shot). The first set of x-ray pinhole images shows emission from the coronal plasma inside the plane of the x-pinch (plane containing the two crossed wires). On the top and bottom of the cross-point the merged plasma emits intense radiation. The coronal plasma between the wires makes sheaths on either side of the cross-point, which move towards the electrodes. The average velocity of this sheath is similar in both cases, and measured values yield 6.5 ± 0.2 × 10 4 m s −1 on cathode side and 7 ± 0.3 × 10 4 m s −1 on the anode side. The sheath velocity is found to slightly decrease as the sheath lengthens, and this is presumably a result of the stagnation of the flow at the electrode. The emission from the coronal plasma during this process is intense and dominates the radiation profile. Simultaneously, emission from the wire cores is relatively low even though the cores' density is significantly higher as is evident by their presence in the optical probing images ( figure 4(b) ).
The x-ray spot, formed at the wire cross point, occurs just before the current maximum, based on the time resolved x-ray emission. The z-pinch column between the electrodes forms at about 40 ns after the start of the current, and the intense x-ray emission takes place at about the same time. Note that there is only weak emission above 1 keV from the wire cores and the coronal plasma during this time. X-ray emission (pinhole limited) from the cross-point can be seen ( figure 4(a) ) just before the current maximum, and this lasts for ∼15 ns.
A comparison of the x-ray framing images with schlieren images (shown in figure 4 (b)) shows that the plasma around the wires in XUV framing images is not evident in schlieren images at comparable times. This indicates that the density of this plasma is below the detection limit of the schlieren system (<5.5 × 10 18 cm −3 ). The XUV image at 19 ns shows that the coronal plasma has merged on either side of the cross-point, while the corresponding schlieren image does not show any low density features extending radially inwards from the wire position. Although the higher density jet structures formed on either side of the cross-point are evident in the Schlieren images, the density in the axial direction (away from the cross point) drops below the sensitivity of the diagnostic after some distance. For example, in the 28 ns XUV frame, the merged plasma has reached the electrode on the cathode side; this is not the case in the schlieren image at 32 ns. Eventually the jet structures observed in the Schlieren images do reach the electrodes as evident in the image at 56 ns which shows a z-pinch column, this is consistent with the XUV framing image. The >1 keV XUV image at 58 ns shows that emission is not continuous along the z-pinch. The strongest emission is from the wire cross point, along with regions close to the anode and cathode. There is also little emission from the expanded wire cores in this energy range at this time, which Schlieren images show have expanded to a diameter of ∼800 µm.
Results from Au coated molybdenum x-pinches
A significant change in the coronal plasma dynamics was observed when x-pinches consisting of molybdenum wires with a gold coating were used. Figure 5 shows a set of XUV framing and optical probing images of the Au coated Mo wires. Initially the coronal plasma on either side of the wires uniformly expands. The m = 0 instability in the coronal plasma formed along the wires (the 'legs' of the x-pinch) can be seen as small hot-spots in emission, which are not observed in uncoated molybdenum wire x-pinches. Later in time, the hot spots and z-pinch columns are formed similar to those in pure molybdenum x-pinches. The advancement towards the electrodes of the coronal plasma sheath, however, is delayed compared to that in the molybdenum x-pinches. Figure 5 (b) shows a series of schlieren images for gold coated molybdenum wire xpinches. It can be seen that the jets are formed and propagate from the cross point at a later time compared with pure molybdenum x-pinches. The coronal plasma inside the plane of the wires is more pronounced and evolution of this plasma can be seen in this series of images. There is a clear difference in the coronal plasma structure on the anode side when compared to the cathode side. The cathode side shows distinct 'finger-like' structures extending perpendicularly from the wires toward the axis. This effect is particularly pronounced in the 60 ns image in figure 5(b) . These features are not observed on the anode side of the cross point in the same image, or for the shot using pure Mo wires, and the cause of this effect is unclear at present. The structure of the coronal plasma is very similar to the structure seen in XUV images with pure molybdenum wires; however in this case, it is after the current maximum. In contrast to molybdenum x-pinches, the formation of the z-pinch column is delayed and this observation is consistent in the XUV and optical techniques. Another interesting feature present with the gold coated wires is that the jet is well collimated, presumably due to radiative cooling. It is worthwhile to keep in mind that these effects are results of a very thin coating of a high z material. Figure 6 is a comparison of simultaneous Schlieren (a), shadow (b) and XUV (c) images from a gold coated molybdenum x-pinch. The various density ranges are evident in each of the images. In the Schlieren image, the structure in the coronal plasma is clear, however it is not evident in the shadowgrams. The XUV image shows that the low density (hot) plasma has already merged on the axis. In addition, it shows strong emission from the hot spot. This is a clear demonstration that the simultaneous use of diagnostics with sensitivity to various densities gives a clearer picture of the z-pinch and x-pinch dynamics.
A comparison of PIN diode signals for loads with and without a gold coating is shown in figures 7 and 8. A set of seven PIN diodes were filtered with the Ross filter pairs (described (a) (b) (c) Figure 6 . Simultaneous (a) Schlieren, (b) shadowgraphy and (c) gated XUV images of a 2-wire 13 µm Mo x-pinch. All the images were taken at 60 ns. earlier) to extract information in various energy ranges. The first diode peak in figures 7(a) and (b) appears at about 40-45 ns after the current start which is consistent with both, hotspot formation in the XUV images, and the compression of the plasma at the wire cross-point in the Schlieren images. This is followed by two peaks, the second at 50-55 ns and the third at 65 ns. All three peaks rise sharply with a rise time of 2, 3 and 6 ns, respectively. It is worth noting that all three peaks are present in all the PIN diode signals, indicating the presence of high energy photons throughout the experiment. The sharpness of these peaks indicate that these pulses are likely to have been produced from the bright spots at the cross point. The fourth Figure 8 . Current and x-ray diode traces for an Au coated Mo x-pinch (transmission of filters given in figure 3 ).
peak appears at about 135 ns with a FWHM of about 45 ns. This is well after the formation of the gap at the cross-point, indicating that this emission is due to the electron beam hitting the electrode. Figure 8 shows PIN diode signals from a gold coated molybdenum x-pinch. These signals are from the same shot as the XUV images shown in figure 5 . The signals are clearly different than what has been observed with pure molybdenum x-pinches. The PIN diode, with the nickel (4.5-7 keV) and chromium (4.5-6 keV) filters, show the start of the x-ray signals with much smaller peaks just 10 ns after the start of current. These signals are consistent with observations of the numerous bright spots in the coronal plasma along the wires seen in XUV images. The peak of the radiation in the >1 keV XUV frames, from the cross-point occurs shortly after the current maximum, and at this time the x-ray diodes show a broad peak with a maximum at around 50 ns. Later in time, at approximately 100 ns, a second larger peak is observed. This peak's FWHM is larger than those observed for pure molybdenum x-pinches. The delayed timing of the larger, second x-ray pulse is consistent with XUV and Schlieren images of the pinch process. This comparison shows that there is a clear difference in the x-ray emission pattern consistent with other observations.
Simulations
The dynamics of the x-pinch were simulated using a 2D MHD code [23] . The code describes plasma dynamics in the radial and axial directions. The evolution of magnetic field, Joule heating and plasma energy radiation loss are taken into account. The physics of the formation of the coronal plasma due to the ablation of initially cold wires is very complex, it depends on material properties (including resistivity, heat capacity, phase transitions, etc) and is not well understood at the present time (e.g. see [24] [25] [26] [27] and the references therein). An experimental based fit, supported by theoretical models [24, 25] , suggests that the mass production rate of cold plasma by wire ablation can be fitted with the expression GI p , where G is a numerical factor which reflects the material properties and should be found empirically, I is the current through the wire, and p is an adjustable parameter which is close to 2. In this model, the formation of coronal plasma due to wire ablation was modelled using this analytical formula, the magnitude and the time dependence of the current I (t) were taken from the experiment. Figure 9 shows a set of plasma density profiles from an MHD simulation at various times after the start of the current. One can clearly see that, similar to the experimental data, plasma originating at the wire is compressed on the axis. The radius of the plasma varies along the wire length meaning that the plasma density, in the wire vicinity, becomes lower near the crosspoint. The density in the central column increases with time and finally a z-pinch column is formed between the electrodes, similar to that observed in the framing images. Figure 10 shows simulation results for various G factors to indicate the sensitivity of the plasma evolution to this parameter. A clear difference in the coronal plasma formation and dynamics can be seen for low versus high G factors. This application of scaling to numerical data will be the subject of a subsequent publication.
Discussion and conclusions
Experiments using two wire x-pinches from both bare and gold coated molybdenum have been presented above. The framing XUV results from bare Mo show the evolution of the low density coronal plasma expanding from the initial position of the wires. This expansion is driven inwards initially by the J × B force arising from the global magnetic field. The formation of a sheath initially occurs close to the wire cross point, both as a result of the proximity of the wires to each other, and the increased magnetic field at smaller radii. This sheath then extends towards the electrodes at ∼7 × 10 4 ms −1 , with the anode side of the crosspoint displaying a slightly higher velocity than the cathode side. The high emission regions of the XUV images correspond to the coronal plasma, which is forming the sheath, and to the jet when this is formed. The wire cores, still at their initial position, show little emission during this process. This suggests that the drive current flows mainly through the coronal plasma and in the jet as it is formed. The path of the current moves away from the wire cores and eventually flows through the formed z-pinch when the jets reach both electrodes (∼40 ns, figure 4(a) ). Similar observations were made in [18] and the work here complements that study, by showing similar processes for thinner wires (13 µm here versus 125 µm in the referenced work). Here, however, the lower current drive means that the current is supported by very low density plasma; n e < 5.5 × 10 18 cm −3 since the current path is not observed on comparable Schlieren imaging. The inward moving current carrying plasma appears to show a variation in emission along its length as well as a low amplitude modulation at later times. These may be due to the MHD (m = 0, 1) instabilities which are a result of the current flowing in the low density plasma, or as an effect of the deceleration of the plasma flow by the magnetic field as suggested in [28] .
Schlieren images show the formation of the jet structures, but not the low density current carrying corona, highlighting the complementary nature of the two diagnostics. The jet is confined in the plane of the wires by the inertia of the continuing plasma flow ablated from the wires, while radiative cooling of the jet material allows it to be compressed to relatively high density. In the plane in which jet is not confined by streaming plasma it is free to expand, although the radiative cooling reduces the sound speed at which this expansion occurs. The formation of the jets in this way is likely to be due to both the interaction of coronal plasma ablated from each of the wires at the axis, and the compression of the plasma at the wire cross-point by the magnetic field, which ejects material axially, as suggested in [17] . Results from the present study do not contradict this conclusion. These jets may be of interest for scaled laboratory astrophysics experiments, and this will be the subject of future publications.
For gold coated Mo wires, the evolution of the coronal plasma structure is in general very similar, but differs in a few important respects. Early in time the high emission current carrying region remains close to the wire core, and displays bright emission spots along the x-pinch legs, as is observed for the m = 0 structures on single wire experiments. The formation of the central sheath/jet proceeds as for bare Mo, but this is delayed by 10-15 ns. This delay is presumably due to the higher density coronal plasma, a direct consequence of the gold coating. The jet velocity may be slightly lower than for bare Mo, at ∼4.2 × 10 4 ms −1 but additional experiments are needed to more accurately determine this. There is a clear difference in the collimation of the jet with and without the Au coating. The bare Mo jet displays a greater width and opening angle throughout its development then the Au/Mo jet, which remains compact up to and through the x-pinch gap opening time. This is presumably due to additional radiative cooling and a subsequent greater compression and confinement provided by the Au plasma.
The multiple peaked structure observed on all filtered x-ray diodes for Mo shows high energy photon are emitted from 43 to 160 ns after the start of the current, consistent with the pinching and formation of multiple hotspots in the necking region of the x-pinch. The low spatial resolution of the XUV frames does not allow separation of these in the current experiment. This suggests the presence of the high density high temperature plasma expected in x-pinches. The Au coated Mo x-pinches do not show these features. Instead a broader structure is observed in all wavebands, with no high power peaks. This perhaps indicates that the plasma has not been compressed as effectively in this case. In future studies the spectral information afforded by the Ross filtered x-ray diodes will be examined as a function of the coating material and thickness to investigate this effect.
In conclusion, these results show the dynamics of the low density coronal plasma in Mo x-pinches. Plasma ablated from the wires converges at the mid plan initially close to the cross-point, and then starts to move towards both electrodes forming a z-pinch column just before the current maximum. A significant change in the low density coronal plasma dynamics was observed between bare and coated Mo wires. The coating serves to suppress the merging of the plasma, and delay the jet and hot-spot formation. 2D MHD simulations qualitatively agree with experimental observations. This fast rise-time multiple peaked x-ray signature observed for bare Mo x-pinches is not observed for Au coated Mo, which displays only a slow rising broad peak late in time. It is clear that a thin layer of high z material will not only change the dynamics of the coronal plasma, but also the time-resolved x-ray emission from an x-pinch.
